T here is emerging evidence in experimental and epidemiologic studies that sleep parameters, specifically sleep duration and quality, are associated with cardiovascular outcomes, including hypertension, 1 as well as diabetes, 2 hypercholesterolemia 3 and obesity. 4 A recent meta-analysis involving 400 000 adults concluded that short sleep duration was associated with a greater risk of developing or dying from coronary heart disease. 5 On average, adolescents sleep less than 8 hours per night, 6 less than the recommended 9 hours, 7 and about 20% of adolescents have significant sleep problems. 6 Despite this knowledge, there is a paucity of epidemiologic research on the cardiovascular consequences of short sleep duration and impaired sleep quality in adolescents.
In this study, we investigated the association between sleep disturbance and duration and measures of cardiovascular disease risk, including cholesterol, hypertension, body mass index (BMI) and dietary factors in adolescents.
Methods
This study was conducted through the Healthy Heart Schools' Program, which was designed to screen and identify adolescents at risk for coronary vascular disease. This program targets adolescents in the Niagara region of Ontario during their mandatory physical education class. The current data were collected during the 2009/10 school year.
Data collection
Participants completed the Pittsburg Sleep Quality Index questionnaire, 8 which is a validated tool for use in adults and has been administered in clinical adolescent populations. 9, 10 The questionnaire uses a 19-item scale designed to measure self-reported sleep duration, overall perception of quality of sleep, sleep disturbances, daytime sleepiness, history of snoring and the use of any sleep medication over a 1-month period. The questions were designed to reflect both weeknight and weekend
Methods:
We obtained data on adolescents from the 2009/10 cycle of the Healthy Heart Schools' Program, a population-based crosssectional study in the Niagara region of Ontario. Participants underwent measurements of cardiometabolic risk factors, including body mass index (BMI), lipid profile and blood pressure, and they completed questionnaires measuring sleeping habits and nutritional status. We assessed sleep disturbance using the sleep disturbance score derived from the Pittsburgh Sleep Quality Index. We explored associations between sleeping habits and cardiovascular risk factors.
Results: Among 4104 adolescents (51% male), the mean hours of sleep per night (± standard deviation) were 7.9 ± 1.1 on weeknights and 9.4 ± 1.6 on weekends. In total, 19% of participants reported their sleep quality as fairly bad or very bad on weeknights and 10% reported it as fairly bad or very bad on weekends. In the multivariable regression models, a higher sleep disturbance score was associated with increased odds of being at high cardiovascular risk ( sleep. We developed an overall sleep disturbance score using the answers to the 15 questions listed in Table 1 . The answer "Not during the past month" was given a score of 0, "less than once per week" was scored as 1, "once or twice per week" was scored as 2 and "3 or more times per week" was scored as 3, according to the validated scoring system. 8 The maximum score was 45 points, with higher scores reflecting worse sleep quality. Because no clinically significant score is defined for sleep disturbance, we divided the population into tertiles to avoid any misclassification and to evaluate dose response. The lifestyle assessment section of the questionnaire ascertained the amount of physical activity and screen time (television, video games and computer time) per week. Participants completed an adapted version of the Child and Adolescent Trial for Cardiovascular Health nutrition questionnaire.
11
The study protocol was reviewed and approved by the research ethics board of the District School Board of Niagara and the Niagara Catholic District School Board. All enrolled participants provided informed assent; parental consent was also obtained.
Measurements
All physical measurements were performed by trained Heart Niagara staff during class time. All participants underwent height (stadiometer) and weight (calibrated scales) measurements in a standardized manner. We then converted these values to age-and sex-based percentiles and to z scores. 12 Overweight was defined as BMI between the 85th and 95th percentiles, and obesity was defined as BMI above the 95th percentile. 13 Waist circumference measurement was standardized and concordant with methods used in the National Health and Nutrition Examination Survey, from which normal values for adolescents were used to determine age-and sexspecific percentile categories.
14 Capillary blood samples obtained by finger stick were used to determine nonfasting total and high density lipoprotein (HDL) cholesterol levels (Cholestech LDX System, Inverness Medical Innovations). We classified total cholesterol levels between 4.4 and 5.1 mmol/L as borderline high, and levels 5.2 mmol/L or higher were classified as high. 15 Blood pressure was evaluated in a standardized manner (sitting) using a Bp TRU blood pressure monitor (Coquitlman) using an appropriatesized cuff on the participant's right upper arm. 16 Participants with an initial blood pressure measurement above the normal range (≥ 135/85 mm Hg) underwent repeat testing. If the second measurement was also above the normal range, 6 automated readings were taken at 1-minute intervals, and the average was calculated. 16 We converted the systolic and diastolic readings to age-, sex-and height-indexed percentiles. 16 We used the maximum percentiles of the blood pressure readings to classify participants as prehypertensive (> 90th to < 95th percentile) or stage I hypertensive (≥ 99th percentile). 16 We considered patients with the following measurements to be
Research

E914
CMAJ, November 20, 2012, 184(17) at high cardiovascular risk: non-HDL cholesterol > 3.10 mmol/L; blood pressure > 90th percentile; or BMI > 85th percentile. We defined a history of premature cardiovascular disease in first-degree relatives as a relative with angina, heart attack, bypass surgery or stroke before the age of 65 years for female relatives and before the age of 55 years for male relatives.
Statistical analysis
We report data as means (± standard deviations [SD]), median (interquartile range [IQR] ) and frequencies, as appropriate. We decided to use tertiles for the sleep disturbance scores and quartiles for sleep duration to create groups of roughly equal sizes while accommodating the variable distribution.
We assessed the association between sleep disturbance score tertiles, sleep duration quartiles and cardiometabolic risk factors in univariable linear regression models. We used a similar approach to investigate the association between sleep outcomes, lifestyle and sleep disturbance scores. We created additional multivariable ordinal logistic regression models to identify the independent effect of sleep duration and quality on cardiovascular risk factors beyond the other cardiovascular risk factors and lifestyle. We created dual sets of regression models: initially, sleep disturbance scores and sleep duration were modelled as continuous variables; further regression models used sleep duration and sleep disturbance index as quartiles and tertiles, respectively. We selected factors based on clinical relevance (regardless of p value) and previous association with cardiometabolic outcomes in this population. 17 We adjusted for adiposity using waist circumference percentiles, because we have previously shown that waist circumference has a greater association with cardiometabolic risk than BMI z score. 18 We did not use stepwise modelling in this study. All regression models used a maximum likelihood algorithm to determine parameter estimates.
Results
In total, 4104 adolescents (51% male) were enrolled in this study out of 4884 (84%) eligible students. Students were not included if they attended physical education class in the summer, were absent or did not provide consent. Complete sleep questionnaires were available for 3372 (82%) students. The characteristics of this population were similar to those included in previously reported population-based studies. 19, 20 The mean hours of sleep per night (± SD) were 7.9 ± 1.1 h on weekdays and 9.4 ± 1.6 h on weekends (p < 0.001). The median sleep disturbance score was 5 (IQR 2-10; tertile 1 = 0-3; tertile 2 = 4-8; tertile 3 9) . The frequency of specific types of sleep disturbances are presented in Table 1 . A higher sleep disturbance score was associated with fewer hours of sleep during weeknights (highest tertile 7.6 ± 1.3 h v. lowest tertile 8.2 ± 1.0 h; p < 0.001) and weekend nights (highest tertile 9.2 ± 1.8 h v. lowest tertile 9.5 ± 1.6 h; p < 0.001).
In total, 19.6% of students reported that their sleep quality during the week was fairly bad or bad; 10.0% of students rated their weekend sleep quality as fairly bad or bad (p < 0.001) ( Table 2) . Of the participants, 5.9% reported using sleep medications. There was a statistically significant association between sleep disturbance score and overall self-reported sleep quality on weeknights (r = 0.39, p < 0.001) and weekend nights (r = 0.27, p < 0.001). The use of sleep medication was associated with a mean (± SD) decrease of 0.32 ± 0.09 h of sleep on week nights (p < 0.001), a decrease of 0.45 ± 0.13 h on weekends (p < 0.001) and an increase of 4.0 ± 0.4 points in the sleep disturbance score (p < 0.001). Daytime sleepiness was associated with lower sleep duration and a higher sleep disturbance scores (Table 2) .
In total, 18% of participants consumed more than 1 cup of caffeinated beverages per day, 72% consumed 1 cup per day and 11% did not con-
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CMAJ, November 20, 2012, 184(17) Note: BMI = body mass index, HDL = high-density lipoprotein, SD = standard deviation. *Sleep disturbance scores ranged from 0 to 45, with higher scores indicating greater sleep disturbance. †Defined as angina, heart attack, heart or bypass surgery, or stroke before age 65 in women or before age 55 in men. ‡The z score represents how many standard deviations a measurement is above or below the mean value for that measurement in a normal age-and gendermatched population. ¶Defined as non-HDL cholesterol > 3.10mmol/L, BMI > 85th percentile or blood pressure > 90th percentile.
sume caffeine at all. A higher sleep disturbance score was associated with higher consumption of fried food, soft drinks, sweets, snacks, caffeinated beverages, reduced physical activity and increased screen time (Table 3) . Shorter sleep duration was associated with increased consumption of soft drinks (p < 0.001) and increased intake of caffeinated beverages (p < 0.001) but not with other high fat, high sugar foods. Overweight and obese participants had a higher prevalence of daily consumption of caffeinated beverages than the leaner participants (94% and 88%, respectively; p = 0.04). Consumption of caffeinated beverages was significantly associated with increased intake of fried chicken, chips and soda. Shorter sleep duration was also associated with decreased physical activity (shortest quartile, mean ± SD, 4.1 ± 2.1 d/wk v. longest quartile 4.5 ± 2.0 d/wk; p < 0.001) and increased screen time (shortest quartile, mean ± SD, 6.1 ± 3.2 h per day v. longest quartile 5.2 ± 2.9 h per day; p < 0.001). A higher sleep disturbance score was associated with higher total cholesterol, higher non-HDL cholesterol, higher BMI z scores, higher waist percentile category, higher systolic blood pressure z scores and increased odds of hypertension (Table 4) . Shorter average sleep duration was associated with higher BMI z score (shortest quartile 0.76 v. longest quartile 0.41, p < 0.001) and a higher proportion with waist circumference above the 75th percentile (shortest quartile 30.0% v. longest quartile 22.1%, p = 0.002). There was no association between average sleep duration and lipid profile or blood pressure z scores.
In the multivariable regression models adjusted for lifestyle factors, we found that sex and family history of premature cardiovascular disease in first degree relatives and sleep disturbance were associated with cardiovascular risk (highest v. lowest tertile OR 1.43 [95% CI 1.16-1.77], p < 0.001), but average sleep duration was not associated (shortest v. longest quartile OR 1.03 [95% CI 0.81-1.30], p = 0.6) (Figure 1) . The results were similar when sleep duration and sleep disturbance scores were modelled as continuous variables (Appendix 1, available at www.cmaj.ca /lookup /suppl /doi:10.1503 /cmaj .111589 /-/DC1).
In the multivariable regression models adjusted for lifestyle factors (nutrition and physical activity), sex, family history of premature cardiovascular disease in first degree relatives and adiposity, the sleep disturbance score was associated with increased odds of hypertension (highest v. lowest tertile OR 
Interpretation
We found an association between sleep disturbance and cardiovascular risk in adolescents, as determined by high cholesterol levels, increased BMI and hypertension. These findings are important, given that sleep disturbance is highly prevalent in adolescence 6 and that cardiovascular disease risk factors track from childhood into adulthood. 19 In a study involving over 14 000 adolescents, short sleep duration documented 5 years earlier was a significant risk factor for high cholesterol in adulthood. 20 However, that study was limited by reliance on self-reporting of apparent high cholesterol levels. 20 Recently, short sleep duration (< 6.5 h) in Chinese adolescents was reported to be associated with measured high total cholesterol, 21 although sleep disturbance was not evaluated in that cohort. In a cross-sectional analysis of 238 adolescents, the odds of prehypertension were increased 3.5-fold for low sleep efficiency and 2.5-fold for short sleep duration (defined as < 6.5 h); however, cholesterol measurements were not obtained. 22 Recent small community-based studies have also observed trends between short sleep duration, metabolic dysfunction and adiposity in children less than 10 years of age. 23, 24 Mechanisms mediating the relation between inadequate or disturbed sleep, high cholesterol and weight gain include changes in the appetiteregulating hormones ghrelin and leptin, 25 preference for fatty foods 26 and circadian alterations in lipid metabolism. 26 In one study, the odds of obesity increased 5-fold for every hour reduction in sleep duration. 27 Similarly, Senegalese girls aged 13-14 years had a reduction in sleep of 6.85 minutes for every 1.0 increase in BMI. 28 However, additional confounding factors may predispose people to adiposity and cardiovascular risk. For example, caffeine consumption (especially high-caffeine energy drinks), preference for fatty foods and reduced physical activity may simply reflect the current "usual" lifestyle of adolescents, which includes short and disturbed sleep. Nonetheless, the relation is likely bidirectional with disturbed sleep leading to daytime sleepiness, decreased physical activity and increased caffeine consumption.
Strengths and limitations
The strengths of this study were that cholesterol levels were obtained simultaneously with physical measurements and questionnaires assessing sleep and nutrition in over 4000 adolescents. The inclusion of a school-based population strengthens our findings because it minimizes referral bias. Further, our reported incidence of obesity, high cholesterol levels, sleep disturbance and use of sleep medication were similar to other previously reported data. [29] [30] [31] Our study had several limitations. We did not exclude participants with obstructive sleep apnea, which is associated with disrupted sleep, short sleep duration and cardiovascular risk. 32 In adolescence, the most common cause of obstructive sleep apnea is obesity, and sleep apnea is prevalent in about one-fifth of all obese adolescents. 33 Because the incidence of obesity in our population was 18% and less than 8% of our study group reported that they snore, obstructive sleep apnea is considered an unlikely mediator of major sleep disturbances in this cohort.
This study was conducted within the time and material constraints of the school curriculum. As such, blood pressure, height, weight and waist circumference were measured once only, possibly reducing the reliability of these results. Certainly, more accurate measurements of blood pressure should be verified by 24-hour ambulatory monitoring. Although fasting cholesterol measurements are preferable, non-fasting cholesterol values have been linked to an increased risk of cardiovascular disease in previous population-based studies. 34 Moreover, recent data suggest that fasting and non-fasting cholesterol levels are comparable. 35 The sleep questionnaire was not specifically validated for adolescents, and the duration of sleep and sleep disturbance were self-reported on one occasion only without objective assessments. However, it is not usually feasible to obtain objective sleep measurements in large prospective population-based studies. Similarly, eating behaviours were not quantified in a more objective manner. Further, the intake of popular high-caffeine energy drinks was not specifically identified.
Finally, the reported associations do not provide proof of causality, only associations. Some of these associations have limited magnitude; however, previous studies have shown that cardiovascular risk factors and associated lifestyle developed in childhood persist and amplify in adulthood. [36] [37] [38] Thus, it
Research is important to interpret our findings with consideration of the biological plausibility of the observations and experimental data showing that sleep disruption may modify cardiovascular risk.
Conclusion
Poor sleep hygiene among adolescents appears to be associated with increased cardiovascular risk. Future research is needed to dissect the relative influences of sleep curtailment from sleep disruption on different health outcomes. Interventional studies will be necessary to explore the efficacy of optimizing sleep quality, sleep duration and nutrition during adolescence on cardiovascular risk.
